We present detailed analysis of the hydration behavior of zinc and copper bound porphyrins treated via ab initio quantum mechanical charge field molecular dynamics which agrees well with available experimental data. The computed metal-water coordination in the case of zinc bound porphyrin demonstrates a strong association of water with zinc compared to the copper-water interaction which correlates well with the calculated free energy of binding. The H-bond dynamics in these hydrated systems yield weaker H-bond interactions as compared to that observed in the case of metal-free porphyrin; nevertheless, the effect of metal association with porphyrin resulted in shifts in the vibrational frequencies. These characteristic data suggest a contrasting behavior between these metalloporphyrins in solution which could also serve to correlate with the properties of biological systems.
Introduction
The liquid state is an integral component of a large number of chemical and virtually all biochemical systems, since most of the processes taking place in these systems require the presence of a liquid. Investigations of the underlying dynamics in solution, which may consist of hydrated ions and composite solutes as well as aqueous bioorganic/bioinorganic complexes and macromolecules in water, require a rigorous treatment that can be achieved by the applications of sophisticated experimental techniques. On the other hand, ab initio based theoretical methods have been shown to provide valuable insights not only into structural but also dynamical properties of the solvated systems. 1 In particular the dynamics of chemical systems is known to also play a major role in the understanding of structure-function relationship of various chemical and biochemical systems. A number of experimental techniques such as nuclear magnetic resonance (NMR) and X-ray crystallography provide a means for the profiling of overall structural attributes of the system but very little information on ultrafast dynamical properties at the subnano second time scale can be retrieved. 2 The investigation of dynamics is challenging due to insurmountable technical issues associated with the experimental setups. On the other hand, the evaluation of dynamics of the solute-solvent interactions in aqueous ionic solutions and investigation of the mean lifetimes of bonds and coordination in pure water were made possible by the application of incoherent quasielastic neutron scattering (IQENS) experiments and femtosecond laser pulse spectroscopy, respectively. 3, 4 The dynamical properties of (bio)chemical coordination complexes in an aqueous environment are known as more intricate targets, since experimental methods were found to be sensitive to both the size and number of molecules as well as the timescale of dynamical processes. The limitation of experimental methods to investigate the dynamical properties of complex systems led to the development of theoretical methods, and ab initio based simulation studies are amongst the most advanced tools capable of reproducing time-dependent chemical and biochemical processes at the femtosecond time-scale. 4, 5 Thus, detailed investigations of the structure and dynamics of complex systems in aqueous solution were made possible by employing modern theoretical methods coupled with statistical simulation techniques such as molecular dynamics (MD). 6 These methods are generally based on potential functions derived either from empirical potential data or from increasingly accurate ab initio calculations of potential energy surfaces. Potential functions are approximations, and thus, in the case of stronger interactions between particles, sophisticated three-or even four-body interaction potentials are required, which are in many cases too time consuming and troublesome to construct. Further important features related to interactions such as polarization and charge transfer effects are in many cases not taken into account by classical approaches, for instance in the case of complex biological systems in which chemical/biochemical processes take place at the electronic level. To take n-body, polarization and charge transfer effects into account, the application of quantum mechanics (QM) in conjunction with the established molecular dynamics (MD) framework proved helpful but the treatment of a representative complex system consisting of several hundred particles via a QM method is not within the scope of contemporary computational equipment. In this context two solutions were put forward to investigate solvated systems and solutions: the first approach known as Car-Parinello MD (CPMD) is based on the utilization of simplified density functional theory (DFT) methods at the generalized gradient approximation (GGA) level that was applicable only for systems having a limited number of particles. 7 On the other hand, hybrid quantum mechanical/molecular mechanical (QM/MM) techniques partition the system into the most relevant subsystem containing a solute and its immediate solvation layers treated by QM whereas the interactions in the remaining part of the system are accounted for via adequate force field techniques. 8 A variety of QM/MM protocols have been developed and the quantum mechanical charge field molecular dynamics (QMCF-MD) approach was explicitly designed for the treatment of solvated systems. [9] [10] [11] The QMCF-MD formalism was successfully applied to numerous solvated systems ranging from small aqueous ions and composite anions to organic and complex biochemical systems in aqueous solution. 12 Recently, a study was reported on the QMCF-MD simulation results of structural and dynamical properties of the hydrated apo-and magnesium-porphyrin. 13 Considering the vigorous need to obtain insights into the structure and dynamics of solvent molecules in complex biochemical systems at the atomic level, an extended effort was made by applying the QMCF-MD technique to zinc-and copperbound metalloporphyrins in aqueous solution. The association of porphyrins and metals leads to different forms of metalloporphyrins with specific reactivity in many proteins and enzymes. This has stimulated considerable interest to probe biological and chemical properties of these molecules via experimental methods. Despite the widespread utilization of experimental techniques, atomic level descriptions concerning the structure and dynamics of these molecules could not be achieved. This was complemented by employing different theoretical approaches based on various levels of theories ranging from classical to ab initio methods.
14 A number of force field based simulation studies were reported on metalloporphyrins for the investigation of their structures and dynamics related to biochemical processes. 15 Metalloporphyrin-water interactions are also a much debated area of theoretical research that are investigated to obtain an accurate description of solvation properties, since the majority of the biological porphyrins exist in an aqueous environment.
One of the less investigated metalloporphyrin systems is the zinc protoporphyrin (ZnPP), a metabolite formed in trace amounts during heme production in the case of lead poisoning or iron deficiency. 16 The analysis of the fluorescence of the ZnPP molecule was mimicked using zinc porphyrin (ZnP) which signifies its importance as a prototype in many cases in understanding the photochemical properties of conjugated systems. A number of ZnP species were also shown to play an essential role in various chemical processes due to their characteristic structural properties and excitation energies of ZnP systems in aqueous solution determined by using various theoretical chemistry methods.
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The meso-substitution of ZnP species imparts solubility to these molecules thus leading to their aggregation in aqueous solution. 19 The coordination or binding properties are also of considerable interest since energy decomposition analysis showed that the ZnPP molecule has greater affinity for nitrogen based ligands compared to ligands binding via oxygen atoms. 20, 21 A further metalloporphyrin of great significance is copper porphyrin (CuP) which was identified as a naturally occurring red color pigment and an isolate from deep-sea sediments as terrestrially derived oxidized organic matter. 22, 23 The biological role of CuP was implicated in bronze baby syndrome (BBS), an uncommon side-effect of phototherapy. 24 CuP and its various derivatives are involved in photoprocesses that are of interest because of their DNA-binding interactions which have been probed by both experimental and theoretical methods. 25 Like ZnP, mesosubstituted CuP molecules also show a tendency to form aggregates in aqueous solution. 19 As far as axial binding of ligands to these porphyrins is concerned, it was reported almost without exception that CuP is four-coordinated in-plane lacking the axial ligands whereas ZnP tends to be penta-coordinated. 26 All four nitrogen atoms of porphyrin systems were found to coordinate with metal ions. However, the latter are displaced from the plane due to the high conformational freedom of porphyrin molecules. 13 
Methods
Considering the importance of ZnP and CuP in aqueous solution, an ab initio QMCF-MD simulation study was carried out to elucidate their structural and dynamical properties. The QMCF-MD formalism [9] [10] [11] basically follows a similar partitioning scheme on which the conventional QM/MM approaches are based, but a multi-level description was required to explicitly treat the solution systems, since the solvents in the QM and MM regions diffuse across the two regions. The QM region in the case of the QMCF ansatz is further divided into the inner core and the solvation layer zone (both treated at the quantum mechanical level) whereas interactions between atoms in the remaining MM region are treated via force field potentials. For the quantum mechanical calculation, the Hartree-Fock level of theory along with double-x + polarization basis sets for nonmetals with some additional basis sets in particular for metals was found to be a good compromise between accuracy and computational effort, 9-11 also yielding data in good agreement with experiment in a previous study of porphyrin and MgP. 13 Typically, the accuracy of theoretical levels is benchmarked using small gas-phase model systems (e.g. metal-water clusters with an increasing number of ligands) comparing the predicted energy and structural data. [27] [28] [29] However, due to the reduced number of ligands in this case (i.e. the porphyrin system plus one or two water molecules) and the complex electronic structure of transition metal ions (in some cases preferring five-or even fourfold coordination [30] [31] [32] [33] [34] [35] [36] ), cluster computations do not permit an unambiguous benchmarking of the theoretical level via gas-phase computations. The application of polarizable continuum models may improve this situation; however, due to the different numbers of ligands, the volume and surface area of the associated cavity are not constant, which introduces further uncertainties in the evaluation. In such a case a treatment in the bulk environment (i.e. a water box under periodic boundary conditions) at finite temperature as done in QM/MM MD simulations provides a more reliable means to describe the system and to assess the quality of the theoretical treatment. This was for instance also the case in the previous study of porphyrin and MgP 13 discussed above.
The description of interactions of QM atoms with MM particles is the most challenging task when formulating a QM/MM approach. In the case of QMCF-MD, the MM partial charges were included in the core Hamiltonian for the QM region via the perturbation term V 0 :
where M is the number of partial charges q J , and r iJ corresponds to the distance vector between electron i and partial charge J. This treatment often referred to as electrostatic embedding 37 simultaneously accounts for the interaction between atoms in the QM zone and their interactions with the field of the surrounding charge distribution of the MM atoms. Thus, quantum effects such as charge transfer, polarization and many-body interactions occurring in the QM zone are visible in the QM/MM coupling. Since the electrostatic embedding only accounts for the Coulombic contributions, non-Coulombic interaction potentials have to be provided for the QM/MM coupling as well (i.e. potential embedding). If the QM region is sufficiently large (diameter of approx. 15 Å or beyond), the separation of atoms located in the central core QM region 9-11 such as the Cu(II) and Zn(II) ions from the MM atoms is beyond the typical non-Coulombic cutoff distance in the range of 6-8 Å. Since atoms in the QM layer region 9-11 (i.e. atoms of the porphyrin ligand and QM solvent molecules) are much closer to the QM/MM interface, non-Coulombic potentials are explicitly required to adequately account for the respective interactions. Since a full layer of hydration is explicitly considered in the QM region (making the computation rather demanding), the main contribution from the non-Coulombic QM/MM coupling results from QM solvent-MM solvent interactions. With water being the most investigated substance, a large number of suitable interaction potentials are available in the literature. A further advantage of including a full layer of water molecules is a large distance between atoms of the porphyrin ligand and MM particles. Due to these large separations, the contributions of the respective nonCoulombic potentials are small compared to the Coulombic contributions resulting from the embedding. The QM and the MM region is interfaced through a special treatment for the smooth exchange of particles. [9] [10] [11] A small layer of a typical thickness of 0.2 Å between the two major regions is defined at the QM/MM interface region. This typical QM/MM interfacial distance was found to be optimum for the smooth transitions of molecules as well as to avoid the occurrence of significant transition artifacts. Further details of the simulation technique are discussed in previous reports.
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Simulation protocol
The ab initio QMCF-MD simulations of Zn(II)-and Cu(II)-porphyrin have been carried out in a simulation cube with a side length of 39.28 Å (1000 water molecules) subject to periodic boundary conditions. Both systems were modelled by replacing the ion of the previously studied aqueous magnesium porphyrin simulation 13 with Zn(II) and Cu(II), respectively. The Hartree-Fock (HF)
level of theory and 6-31G** basis sets for water and porphyrin atoms, and Stuttgart RSC 1997 and LANL2DZ basis sets coupled with effective core potentials for zinc and copper atoms were employed, respectively. As mentioned earlier, the HF method used in this study has already been successfully applied to numerous aqueous systems ranging from single ions to composite anions to complexes in aqueous solution, [38] [39] [40] while DFT methods have been shown to yield less accurate results for aqueous systems 41 due to an inadequate description of hydrogen bonding. The SPC/E water model (extended simple point charge model) was employed to describe water in the MM region in both systems. 42, 43 The equations of motions were integrated using a velocity-Verlet algorithm 44 with a time step of 2 fs. The simulations were performed in the NPT ensemble, and temperature and pressure were maintained at 298.15 K and 1 atm employing the Berendsen thermostat and manostat 6 with a relaxation time of 0.1 ps and 0.5 ps, respectively. The reaction field method was employed using a cutoff distance of 18.0 Å to treat long-range electrostatics and all bond lengths involving hydrogen atoms of the systems were constrained employing the M-RATTLE algorithm, 45 similar to the M-SHAKE 46 technique. The entire QM zone (QM core plus QM layer region) with a radius of 8.5 Å was treated at the respective quantum mechanical level. To realise the QM/MM coupling according to the QMCF protocol 9-11 outlined above the QM region was further subdivided into the core and the solvation layer zone. Only the metal (i.e. zinc and copper) was included in the QM core region (radius of 0.5 Å). The QM layer region comprises the remaining part of the QM zone, i.e. all atoms of the porphyrin ligand plus solvent molecules. The smoothing region was defined to interface QM and MM regions via a separation of 0.2 Å to ensure smooth diffusion of solvent particles between the QM and MM regions. 9,10 Both systems were equilibrated at 298.15 K followed by a sampling of simulation trajectories for 10 ps using a time step of 2 fs.
Results and discussion
The radial distribution function g(r) enables the analysis of solute-solvent relationships in the systems by providing information on the distribution of particles as a function of the respective pair distance. The evaluation of water molecules around the central atom enables the detection of the overall hydration shell (Fig. 1) . The Zn-O w g(r) profile depicts a pronounced peak between 1.91 and 2.93 Å with a split pattern observed at the tip of the peak that indicates variations in the binding of water molecules to the zinc ion. The splitting of the first peak is in part due to statistical noise. However, the presence of other ligands in the vicinity of the ions (as seen also in the distance plots depicted in Fig. 4 ) has a direct influence on the binding characteristics leading to small shifts in the respective metal-water distances. From this perspective the splitting of the first peak reveals significant information. In order to address this point in more detail, much longer simulations have to be carried out, which is at present beyond the capacities of available computational equipment. Despite these limitations, the presented simulation data are adequate to highlight the differences between the two presented systems.
The Zn-O w peak was separated from the second peak (between 3.48 and 5.01 Å) highlighting a strong coordination of water at the zinc coordination site. In the case of the Cu-O w profile the intensity of this peak is strongly diminished with a low water population near the Cu(II) ion. The distinction between the first and second peaks is barely visible, corresponding to a very labile character of the first shell water molecules, most likely displaying ultrafast ligand exchanges with the second shell. The second peaks in both g(r) profiles were continued to broad peaks ranging from 5.31 to 8.72 and from 6.62 to 8.65 Å for the ZnP and CuP case, respectively. These peaks correspond to the hydration layer covering the entire solutes including all water molecules involved in the coordination to the metal and hydrogen bond formation.
The peaks correspond to a slight ordering of water molecules surrounding the entire porphyrin moiety. From the classical preequilibration of the MgP system it has been observed that beyond a distance of 8.5 to 9.0 Å no distinct ordering effect is observed in the pair distribution. 13 Based on this finding the size of the QM region was chosen, which was also applied in the current work.
The slight peak at 8.5 Å in the Zn-O pair distribution can be regarded as noise, since no pronounced peak is observed in the Zn-H RDF or the CuP case. It should be mentioned that a main benefit of the embedded treatment inherent to the QMCF procedure is that QM/MM transition artifacts are greatly reduced over a conventional QM/MM treatment employing a subtractive approach (i.e. treating the full system via MM, then subtracting the MM contributions of the isolated high level region and finally adding the QM contributions of the high level zone). In the latter case some systems showed pronounced QM/MM artifacts which was one of the reasons to develop the more advanced QMCF simulation technique. [9] [10] [11] Based on the probability functions of the water oxygens in the case of ZnP, the mean distance between the oxygen atom of the axially coordinated water molecule and the zinc ion was found to be 2.13 Å whereas in the case of hydrated CuP, the weak coordination of water molecules to the copper ion prevents the analysis of a particular ion-oxygen distance. The running integration associated with the Zn-O w g(r) functions points toward the coordination of approximately one water molecule to the zinc ion whereas the probability of a water molecule in direct coordination to the copper ion was negligible, thus indicating penta-and tetra-coordination for Zn(II) and Cu(II), respectively. 47 The respective five-and four-fold coordination in the hydrated ZnP and CuP molecules is in good agreement with experimental estimations. 26 The difference in the coordination behavior of water molecules towards zinc and copper ions also depends on the degree of coordinative unsaturation of ZnP and CuP molecules, which results due to the electronic properties of the host molecule to accommodate a nucleophilic molecule at its coordination site. 48 RDFs poorly specify pairwise contributions in non-spherical systems, and thus, the relative positions and orientations of molecules must be characterized in more detailed distribution functions. Having this objective in mind, angular-radial distribution (ARD) functions were plotted to obtain detailed insight into the structural properties, since these types of distributions include the angular components along with distances of the two interacting atoms.
11 Fig. 2a-d illustrates the ARD plots of O w atoms surrounding the whole ZnP and CuP molecules complementing the structural data deduced from the g(r)-functions. Contour plots of the hydrated solutes provide information on different regions of space occupied by water ligands. A single peak near the central metal was observed in both cases, thus indicating the presence of axially bound water molecules (cf. Fig. 2a and b) . In the case of ZnP, the much higher intensity clearly indicates the presence of a strongly bound water molecule in the axial position of the Zn(II) ion, whereas in the case of hydrated CuP, a much lower intensity is visible highlighting the strongly reduced possibility of finding axial water at the copper ion (cf. Fig. 2b ). The coordination of water towards the metal in both solutes correlates well with an earlier simulation study on the hydration of magnesium bound porphyrin reporting preferential localization of one water molecule bound to the magnesium ion. 13 On the other hand, further information on water molecules involved in hydrogen bonding with the nitrogen atoms of ZnP and CuP molecules was based on separate ARD functions generated for water molecules, thereby excluding the axial one, since the high density of the latter suppresses the density distributions of all surrounding water molecules. Symmetric density distributions were observed for water ligands involved in H-bonding with these solutes above and below the plane of the ring as assessed from the contour plots (cf. Fig. 2c and d) . In the case of Zn-O w density, off-axis peaks corresponding to second shell water molecules that are H-bonded to first shell water were observed. In addition structural organization above and below the porphyrinplane is clearly visible in the ARD, while the rather uniform distribution visible in the CuP case implies that no pronounced structural motif occurs throughout the simulation. The structural features discussed so far describe the potential interaction between the solute and water in different hydration shells, and thus an evaluation of the free energy of binding associated with metal-water interactions in both solutes enables quantification of the attractive/repulsive character of water binding. For this purpose, the respective potentials of mean force (PMF), W(r), were calculated for the water molecules as a function of the radial separation from the metallic center in the ZnP and CuP molecules using the following expression;
with R being the universal gas constant and T the temperature. and Cu-O w coordination clearly indicate the strong contrasting character of water binding towards these metals. The negative value of the binding energy for the zinc-water interaction points towards a strong affinity of O w atoms to zinc(II) which is comparable to the metal-free porphyrins having a similar value of the free energy of binding. In that case, the H w atoms orient themselves towards the nitrogen atoms to form H-bonds which on the other hand are hindered by the presence of metals bound to porphyrins. 13 In the case of CuP on the other hand, a dominant repulsive interaction was deduced from the positive magnitude of the free energy of binding that correlates well with the structural information on the Cu-O w interaction. The water repulsion by CuP is assumed to enable the formation of a H-bond network between hydration layers that could also be assessed by plotting O w -O w g(r) functions. The difference in the free energies of binding for these two solutes is attributed only to the electronic structure of the two transition metals interacting with porphyrin and water molecules. 50, 51 The preferred orientation of O w atoms towards the metals has a competing effect from the H w atoms, thus lowering the H-bond expectancy between the water hydrogens and the nitrogen atoms of these solutes. This effect along with the direct coordination of water molecules to Zn(II) and Cu(II) was quantified in the form of dynamical properties by calculating the mean residence 
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The MRT based on the direct method provides values for the time t* (a minimum time span taken by the exchanging ligand between hydration shells) of 0.0 and 0.5 picosecond that may be denoted as t 0.0 and t 0.5 .
3,4,52 Table 1 lists the estimates of MRTs for the hydrated ZnP and CuP in comparison to the dynamical data for pure water determined employing a similar technique (1.3 ps). 38 The low MRT values for H-bonds in the hydrated metal-bound porphyrins is a direct result of the presence of the metal ions that preferentially attract water oxygens. This behavior is in contrast to that observed in the hydrated metal-free porphyrin demonstrating much stronger N-H w bonds. The dynamical data for the Zn-O w coordination indicate no ligand exchange between hydration shells which is in fair agreement with the strong coordination observed in the corresponding g(r) profile, thus confirming the penta-coordinated structure of ZnP in aqueous solution. In contrast to the ZnP molecule, water exchanges take place at the copper site as illustrated in the distance plot, in agreement with the native four-coordinate structure of CuP in aqueous solution (cf. Fig. 4 ). The ligand exchange dynamics in the case of CuP also correspond to that of an earlier simulation study on Cu(II) in aqueous solution as well as to experimental data. 50, 53, 54 The MRT values for the H-bond dynamics were computed as 0.5 and 0.4 ps for the ZnP and CuP molecules which are close to that in the case of hydrated magnesium bound porphyrin but the ligand exchange data between 0 and 1 demonstrate weak H-bonding. Variations in the structural and dynamical properties of aqueous metalloporphyrins could also be due to a combined effect of the inherent flexibility of the porphyrin ring, a competing behavior of the water oxygen for metal coordination and water exchanges between hydration shells. 55, 56 The substantially decreased affinity observed in water coordination towards ZnP and CuP is in line with the results or previous QM/MM MD simulation studies of copper(II) and zinc(II) ammine complexes. When compared to the respective aquo-complexes 51,57 a substantial weakening of the ion-water interaction along with a decrease in the coordination number upon an increase of the number of ammonia ligands has been observed. 30, 31, 33, 34, 36 The reduced conformational flexibility of the porphyrin systems arising due to metal coordination is further investigated by a vibrational analysis. The prediction of the respective power spectra is based on the Fourier transform of the velocity autocorrelation function. 58, 59 The resulting vibrational modes associated with the hydrated ZnP and CuP systems excluding all bonds involving hydrogen atoms are presented in Fig. 5 . It was reported earlier that the incorporation of divalent metals into the porphyrin ring leads to a spectral shift from 940 cm
À1
representing the vibrational frequency for metal-free porphyrin to a higher frequency. The ZnP and CuP molecules also demonstrate the property of spectral shift which was deduced from the peaks between 119 and 1866 cm
. This characteristic property of metalloporphyrins is attributed to the strong metal-ligand interaction, and was previously observed in a similar QMCF-MD simulation study of magnesium-bound porphyrin as well. 13, 60 The porphyrins also display residual hydrophilicity/ hydrophobicity which seems to vary upon binding to different metal ions. The evaluation of the hydrophilic/hydrophobic character of hydrated ZnP and CuP enabled the determination of the relative H-bonding potential between the porphyrin nitrogens and water hydrogens. This was accomplished by the estimation of the time-averaged solvent accessible surface area (SASA) using VMD 61 (cf. listed in the table. This further confirms that the CuP has low capacity for H-bond formation with water molecules which also correlates with the structural and dynamical properties evaluated for these metalloporphyrins, thus establishing that the complexation of porphyrins to metal ions alters the H-bonding potential. 13 
Conclusion
In this study, detailed insight into the hydration behavior of ZnP and CuP complexes has been provided, stressing the capability of the advanced ab initio QMCF-MD formalism for the investigation of bioinorganic complexes in aqueous solution. The inclusion of quantum mechanics in the molecular dynamics framework to describe all inter-and intramolecular interactions between solute and solvent makes the technique highly competent for the evaluation of the structural and dynamical properties of complex chemical systems in aqueous solution. The results show that metalloporphyrins in aqueous solutions demonstrate very characteristic hydration patterns which were analyzed via a number of structural and dynamical parameters. Besides the evaluation of the structure and dynamics of water molecules, the computations of free-energies of water binding to the metal ions and relative hydrophilicity/hydrophobicity of the aqueous metalloporphyrins are also of considerable significance which would indeed be helpful for understanding the increased role of metal-bound porphyrins in aqueous biological systems. The simulation results also encourage us to unravel the dynamical features of several other more complex metallo-organic systems by using both theoretical and experimental methods. 
